Flight muscle
Introduction
In Drosophila there are two phases of myogenesis (Bate, 1993) . The first occurs in the embryo to produce the larval musculature, which then largely disappears during metamorphosis. The second initiates in larval life to produce the muscles of the adult fly. The larval somatic musculature develops from myoblasts that derive from a subset of mesodermal cells that express Twist at a high level (Bate, 1993; Borkowski et al., 1995; Baylies and Bate, 1996; Riechmann et al., 1997) . Each individual muscle is seeded by a single specialised myoblast, called a founder cell, which then fuses with other nearby myoblasts to form the syncytial fibre (reviewed in Baylies et al., 1998; Frasch, 1999; Taylor, 2002; Chen and Olson, 2004) . The adult muscles also develop from Twist-expressing cells Currie and Bate, 1991) . In the case of the flight and leg muscles, these adult muscle precursor cells are associated with wing and leg imaginal discs. These cells, known as imaginal myoblasts or adepithelial cells, are set aside during embryogenesis, and maintained in an undiffer- (Lawrence, 1982; Bate et al., 1991; Broadie and Bate, 1991; Soler et al., 2004; Maqbool et al., 2006) .
During metamorphosis most larval tissues, including muscles, are histolysed and adult tissues are formed de novo from imaginal cells. However, some larval tissues escape from this histolysis and through association with imaginal cells are remodelled to form adult tissues. For example, both the tracheal system and part of the nervous system undergo pruning and elimination of some of their branches and then are remodelled (Truman, 1990; Manning and Krasnow, 1993; Kuo et al., 2005; Marin et al., 2005; Weaver and Krasnow, 2008) . In the musculature, there are two subsets of larval muscles that escape histolysis: the abdominal intersegmental muscles, which are later transformed into the temporary dorsal oblique muscles (Kimura and Truman, 1990; Wasser et al., 2007) ; and, in each hemithorax, the three larval oblique muscles (LOMs) that give rise to six indirect flight muscles called the dorso-longitudinal muscles (DLMs) (Fernandes et al., 1991; Fernandes and Keshishian, 1996) . The DLMs are formed by fusion between the LOMs and imaginal myoblasts associated with the wing disc. About 8 h after puparium formation (APF), these myoblasts migrate to surround the three LOMs. Then, between 12 and 20 h APF, the LOMs become vacuolated and split into the six DLMs, as myoblasts fuse with them. By 30 h APF most myoblasts have fused with the newly formed DLMs (Fernandes et al., 1991) . Although the LOMs escape from histolysis, in normal development they show some signs of degeneration, for example vacuoles. Interestingly, in the absence of imaginal myoblasts the LOMs do not split and they eventually degenerate . This indicates that these myoblasts are required for LOM remodelling and are also necessary for subsequent muscle survival. They also share some characteristics with mammalian adult satellite cells, which similarly are maintained in a committed, but undifferentiated, state, and can be triggered to enter myogenesis to make or repair muscle at a later time (Seale and Rudnicki, 2000; Shi and Garry, 2006; Kuang et al., 2008; Zammit, 2008) . Thus, the development of the DLMs, with its remodelling dependent on a population of committed, but undifferentiated myoblasts, is both distinct from Drosophila embryo myogenesis and also an intriguing system to investigate remodelling and growth from undifferentiated cells, with its implications for understanding tissue repair and regeneration.
Although cellular and genetic fundamentals of DLM development have been established (Roy and VijayRaghavan, 1999) , many gaps remain in our understanding. For example, both the genetic control of the remodelling process and the factors that govern imaginal cell differentiation are incompletely understood. One inhibitory signal is Notch, which is widely used to influence cell differentiation (Artavanis-Tsakonas et al., 1999) . Expression of activated Notch during adult Drosophila myogenesis induces DLM degeneration (Anant et al., 1998) . Interestingly, as well as inhibiting Drosophila DLM development, Notch can also inhibit mammalian satellite cell differentiation (Conboy and Rando, 2002) . On the other side of the balance, a positive factor is Mef2, a MADS box transcription factor that plays a critical role in Drosophila myogenesis, including in the development of the DLMs (Bour et al., 1995; Lilly et al., 1995; Ranganayakulu et al., 1995; Sandmann et al., 2006) . Various combinations of hypomorphic mef2 mutant alleles affect the LOM splitting process and the final pattern of the DLMs Nguyen et al., 2002; Baker et al., 2005) . Mef2 is first expressed in the wing associated myoblasts from the very late third instar Lovato et al., 2005) , many hours before the splitting process which starts at 14 h AFP, and the activation of target genes. Moreover, over-expression of mef2 can induce premature muscle gene expression and differentiation in the myoblasts of the third larval instar (Lovato et al., 2005) . This led to the conclusion that tight control of Mef2 function is required in these cells to prevent premature muscle differentiation (Lovato et al., 2005 ), but it is not known how Mef2 activity is restrained during this phase.
Here we analysed the role of Him in DLM development and have addressed this question. Him encodes a novel inhibitor of Drosophila embryo muscle development that we recently characterised and which can downregulate the transcriptional activity of Mef2 (Liotta et al., 2007) . In this study we analysed Him expression during adult muscle development and its capacity to affect the DLMs. We found, consistent with its expression pattern, that Him could inhibit DLM development and that this phenotype could be suppressed by mef2. Furthermore, Him could suppress the premature myosin expression induced by mef2 in disc-associated myoblasts. Together these results and other findings we present indicate that Him can antagonise mef2 and is involved in a balance of signals that control the differentiation of adult myoblasts and influence muscle remodelling. We also provide evidence that links Notch function to Him and mef2 in this balance, and in sum have furthered understanding of how the maintenance and differentiation of these adult precursor cells is controlled.
Results

Him expression during DLM development
Him (CG15064) RNA has previously been shown to be expressed in third instar wing imaginal discs (Rebeiz et al., 2002; Butler et al., 2003) . Here we used confocal microscopy and a Him-GFP mini-gene to analyse the expression of Him throughout DLM development from first instar larvae to 30 h after puparium formation (APF). This mini-gene construct comprises approximately 3.8 kb of upstream genomic sequence, GFP fused to the Him coding sequence, and the Him 3 0 UTR (Liotta et al., 2007) . Its pattern of expression closely resembles that of the endogenous Him gene in both larval and adult muscle development ( (Liotta et al., 2007) ; Supplemental Fig. 1 ). Expression in cells associated with the wing imaginal disc is first detected during the middle of the third larval instar (96 h after egg laying (AEL)). These cells are identified as myoblasts by co-expression with Twist ( Fig. 1A-C) . Increased Him-GFP expression is then detected in the late third instar (96-120 h AEL) ( Fig. 1D-F) . Subsequently, high levels of Him-GFP are maintained in these cells during the early stages of pupal development.
At 8 h APF the myoblasts start to migrate to where the flight muscles develop and shortly after begin to surround the larval oblique muscles (LOMs). They then start to fuse with them (10-12 h), and between 14 and 20 h APF the three larval muscles (LOMs) vacuolate and split into six templates for the DLMs (Fernandes et al., 1991) . We visualised the muscles before splitting with anti-b3tubulin antibody at 12 h APF and found that Him-GFP is expressed in the myoblasts that surround the LOMs (Fig. 1G-I ). At 21 h APF, after the LOMs have split and myoblast fusion is ongoing, the six developing DLMs are apparent ( Fig. 1K and K 0 ). Him-GFP is expressed in myoblasts surrounding these fibres, but not in the developing fibres themselves ( Fig. 1L and L 0 , and high magnification in Supplemental Fig. 2 ). Towards the end of the fusion process and the formation of the DLMs (30 h APF), Him-GFP can no longer be detected ( Fig. 1M-O ). In summary, Him is expressed in the adult myoblasts from the middle of the third instar, when they are associated with the wing imaginal disc, and then persists when they migrate and surround the LOM templates, and later in those around the growing DLM fibres. However, we do not detect expression in the muscle fibres themselves.
Him can inhibit adult muscle development
The pattern of Him expression, present in the myoblasts, but not in the differentiating muscle fibres (Fig. 1) , suggests that Him could inhibit adult muscle development. We tested this using the Gal4/UAS system to drive additional expression of Him using the 1151-Gal4 line. This Gal4 line drives expression throughout adult myogenesis, from the myoblasts on the third larval instar discs, continuing in the myoblasts as they fuse to form muscles in the pupae, and finally in the adult muscle fibres themselves; but it does not drive expression in the larval muscles (Anant et al., 1998) . In normal development, six DLM fibres per hemithorax can be seen at the end of pupal development, at 96h APF in pharate adults ( Fig. 2A) . In contrast, 1151-Gal4 driving UAS-Him resulted in the complete absence of DLMs at this stage in the majority (63.4%) of cases ( Fig. 2B and C). We found no examples of the normal number of six DLMs, but there were a few cases with between one and five remaining muscles (Fig. 2C) .
We then asked which stage of DLM development is inhibited by Him. As described in the Introduction, the DLMs develop from three larval muscles, the LOMs, that split and form muscle templates. Assays at 26 h APF, shortly after splitting is complete in the control, show that in two thirds of the cases splitting is inhibited by Him over-expression ( Fig. 2D-F) . In 44% of cases splitting failed completely, resulting in only three small fibres surrounded by myoblasts, instead of six DLMs ( Fig. 2D and E) . In a further 22% of cases, there were four fibres indicating that two of the three splitting events failed (Fig. 2F ). The myoblasts that migrate from the wing discs to surround the LOM templates are necessary for splitting . If Him affected this migration then this could explain the defective splitting. However, as seen in 
Fig. 2E, when
Him is over-expressed, there are myoblasts surrounding the unsplit fibres, indicating that myoblast migration to the necessary location has still occurred. A comparison of Fig. 2C and F shows that there are more fibres at 26 h than later in pharate adults. Our results therefore indicate that two things happen when additional Him is expressed. First, splitting is inhibited, and second many of the fibres apparent at 26 h subsequently degenerate. Moreover, the results indicate that even fibres that split correctly can subsequently degenerate. Thus, at 26 h in 33.3% of cases assayed, six fibres are produced, indicating that splitting has occurred. However, in pharate adults there are no examples with six fibres, and a fairly even distribution of examples with only one to five fibres remaining (Fig. 2C ). This prompted us to investigate the DLM phenotype in 1151-Gal4 > UAS-Him pupae at 30 h APF, between the end of the splitting process and the end of pupal development. We found that the internal organisation of the residual muscle fibres is disrupted, as revealed by Mhc-GFP and b3-tubulin, and there are large vacuoles (Supplemental Fig. 3 ), similar to those observed earlier in the wild type at 10-12 h APF (Fernandes et al., 1991) . This suggests that the DLMs are in the process of degeneration. Together, these results identify Him as an inhibitor of DLM development. When Him is over-expressed, LOM splitting is inhibited and subsequently remaining muscle fibres degenerate. This is the same phenotype as when the bulk of the adult imaginal myoblasts is eliminated , and indicates that Him over-expression makes these myoblasts non-functional.
Him and mef2 genetically interact during adult myogenesis
The findings in the previous section demonstrate that Him can inhibit the splitting of the LOM templates necessary for proper DLM development. Inhibition of splitting is also found in mef2 mutants . This coupled with our recent finding that Him can inhibit Mef2 activity in the Drosophila embryo (Liotta et al., 2007) , prompted us to investigate whether there was a genetic interaction between Him and mef2 during DLM development. Again we explored this using the Gal4-UAS system and assayed the number of DLM fibres in pharate adults. 1151-Gal4 driving UAS-Him inhibits DLM development, as we showed in Fig. 2 . Strikingly, when mef2 was co-expressed with Him, the phenotype of no DLM fibres with Him alone was rescued towards wild type (Fig. 3A) . 36.7% of cases are fully rescued and have six DLMs. Furthermore, 26.7% have five DLMs per hemithorax, and only 20% remain with no DLMs (Fig. 3B ). This result demonstrates that a positive input, mef2, can rescue the effect of a negative input, Him, and indicates a balance of activities that controls the development of the DLMs. The observed suppression also suggests that the two genes operate in the same pathway governing DLM development, and that Him inhibits DLM development through antagonising mef2 activity.
Him is co-expressed with Mef2 and can inhibit its activity in adult myoblasts
Having demonstrated a genetic interaction between Him and mef2 in DLM development, we then tested the idea that Him might control Mef2 activity in the disc-associated myoblasts. First, we analysed the expression of Him and Mef2. We showed in Fig. 1 that Him is expressed in the myoblasts in the middle third instar (96 h), and here show that Mef2 expression is first detected, at a low level, in the myoblasts at late third instar (Fig. 4B) . Subsequently, at 0 h APF, Him-GFP and Mef2 are co-expressed at high levels and remain like this at 8 h APF when the myoblasts begin to migrate away to surround the LOMs (Fig. 4D-I ). Thus, from its earliest expression, Mef2 is expressed similarly to Him-GFP in the myoblasts that will contribute to the DLMs. This means that Him is present as soon as Mef2 is first expressed in the adult myoblast genetic programme. We then asked whether Him could inhibit mef2 function at this time. As shown previously (Lovato et al., 2005) , 1151-Gal4 driving UAS-mef2 can induce expression of the muscle gene myosin in the myoblasts of third instar wing discs (Fig. 5A) . We found that UAS-Him could suppress this effect (Fig. 5B) , which shows that Him can inhibit Mef2 activity in these cells. Together, these results provide a possible explanation for the previously inferred inhibition of Mef2 activity during this phase of adult myogenesis (Lovato et al., 2005) .
Him loss of function affects DLM development
We have shown that Him can inhibit DLM remodelling and formation. To determine if Him loss of function affected DLM development, we used RNAi to knock-down Him expression. We first tested the effects of UAS-HimRNAi (Liotta et al., 2007) driven by 1151-Gal4 on the DLM pattern in the pharate adult. We found that in 36.3% of the cases analysed only 4 or 5 DLMs are formed ( Fig. 6A and C) . This result indicates that the absence of a negative regulator, Him, affects the final pattern of muscle fibres. Because we showed that Him antag- onises the role of mef2 during DLM development, we wondered whether the over-expression of mef2 would affect the DLM pattern in a similar manner to HimRNAi. Interestingly, we observed that 38.5% of the cases analysed after UAS-mef2 over-expression have only 4 or 5 DLMs (Fig. 6B and C) . This result is similar to that observed after HimRNAi expression. Together, these results show that positively deregulating the balance of signals involved in muscle development, either by reducing a negative input or over-expressing a positive input, affects the normal development of the DLMs.
Notch genetically interacts with mef2 during DLM formation and can cause Him expression in muscle fibres
The Notch signalling pathway is known to inhibit DLM development. Expression of a truncated, activated form of Notch (N-intra) using the 1151-Gal4 driver results in a lack of DLM fibres (Anant et al., 1998) . However, how Notch inhibits DLM formation is incompletely understood. As both activated Notch and Him can inhibit DLM development, we tested whether Notch, like Him, could interact with mef2 during DLM formation. We found that although there were no DLMs when expression of N-intra alone is driven by 1151-Gal4, when mef2 and N-intra are co-expressed up to three muscle fibres can be formed (Fig. 7A-C) . Although these muscles are affected in size and shape, this suggests that the capacity of Notch to disrupt DLM formation proceeds, at least partially, through the inhibition of mef2 function. Previous work had suggested that Notch signalling could modulate Him expression in wing discs (Rebeiz et al., 2002) . Moreover, another study had shown that the Notch signalling pathway is active in myoblasts surrounding the developing DLM fibres, but not in the fibres themselves (Bernard et al., 2006) , and so we wondered if Notch signalling might affect Him expression during LOM remodelling, since Him is expressed in the myoblasts, but not in the fibres. We tested this by expressing UAS-N-intra with 1151-Gal4 and analysing Him expression in the developing fibres ( Fig. 7C-E) . We found that, in contrast to normal development, this resulted in Him expression in the fibres (compare Fig. 7C -E and the control in Fig. 1J-L) . These results suggest that one route for the inhibitory effect of Notch on DLM development is through Him and mef2.
Discussion
In this paper we have analysed events in the development of the DLMs, components of the indirect flight musculature, during Drosophila adult myogenesis. We found that Him is expressed in myoblasts, but not in developing adult muscle fibres, and consistent with this pattern of expression we found that Him could inhibit DLM development. Template splitting was inhibited and subsequently remaining muscle fibres degenerated. This phenotype resembles that found when the myoblasts are removed by a genetic manipulation . We infer from this phenotypic similarity that over-expression of Him makes these myoblasts functionally defective. We also found that this phenotype due to Him is suppressed by mef2. This genetic interaction, together with previous observations that mef2 hypomorph mutants also have impaired LOM splitting Nguyen et al., 2002; Baker et al., 2005) , is consistent with Him antagonising Mef2 activity in these myoblasts. We note, however, that in contrast to mef2 hypomorphic mutants, Him can induce degeneration of the DLMs. This could be because 1151-Gal4 driving UAS-Him results in a lower level of Mef2 activity than in the hypomorphic mef2 mutants, and/or because Him induces DLM degeneration by another route. The rescue of the degeneration phenotype, as well as of template splitting, by mef2 suggests that the effect of Him is at least substantially through the mef2 pathway.
It is apparent that there must be a mechanism to inhibit Mef2 function in the committed, but undifferentiated adult myoblasts associated with the wing discs (Lovato et al., 2005) , but it was not known how this is achieved. Our findings suggest that Him could be such an inhibitor. We found that Him could antagonise the mef2-induced expression of myosin, a classic marker of muscle differentiation, in disc-associated myoblasts. Moreover, in normal development, Him is already expressed in the myoblasts when Mef2 is first expressed in the third larval instar. Him and Mef2 also remain co-expressed in the myoblasts during the early phase of pupal life, but later, as the muscle fibres differentiate, Mef2 is expressed in the fibres (Baker et al., 2005) , whereas Him is not, although it continues in surrounding myoblasts. This arrangement where Mef2 is expressed together with an inhibitor suggests a capacitor-like situation in which there could be a burst of Mef2 activity, a discharge, when the inhibition is relieved.
This could result in a co-ordinated onset of a phase of the muscle differentiation programme.
We have revealed a balance of Him and mef2 activities in the control of adult myoblast differentiation. Thus, additional Him expression, like reduced mef2 function, leads to disrupted DLM development, and the effect of Him can be suppressed by mef2. Moreover, although mef2 has a positive role in adult myogenesis, it is required for proper DLM development , we found that over-expression of mef2 affected DLM formation and the total number of DLM fibres was somewhat reduced compared to wild type. We also found that reduced expression of the Mef2 inhibitor Him had a similar effect. This indicates that too much of a positive signal, or too little of a negative, can affect muscle development. Taken together with our other results, this suggests that the balance of antagonistic activities, which includes mef2 and Him, has to be precisely controlled to ensure correct implementation of the differentiation programme.
One other known input into the control of adult myogenesis is Notch. It has been shown to inhibit adult muscle differentiation (Anant et al., 1998; Bernard et al., 2006) , and it has been suggested that it may do this through twist, although much remains unclear about the molecular pathway(s) involved. Our results link Notch with two other regulators. We found that mef2 over-expression could partially suppress the inhibitory effect of N-intra on DLM development, and that N-intra resulted in Him expression in muscle fibres. The latter might be direct regulation of gene expression because a region upstream of the Him gene contains several binding sites for Su(H), a nuclear effector of Notch signalling, and either deletion of this region or a Su(H) genetic background results in down-regulation of Him expression in wing discs (Rebeiz et al., 2002) . Together our results indicate that Notch can upregulate Him expression, which in turn can inhibit mef2 function, and this will result in inhibition of DLM development. Our findings further understanding of the factors that influence the programme of differentiation during adult Drosophila myogenesis. They also pave the way for future studies into the mechanisms that control this intriguing system of muscle development, which includes tissue remodelling and is effectively a type of regeneration, and which also has certain parallels with mammalian muscle post-natal growth and repair. Our work also illustrates the significance of a balance of activities in how adult progenitor cells might be maintained in a committed, but undifferentiated state and then be triggered to enter the differentiation pathway. This is of broad significance both in development and in potential applications of stem cell biology.
4.
Experimental procedures
Drosophila stocks and culture
The following Drosophila stocks were used: 1151-Gal4 (Anant et al., 1998) , 1151-Gal4; Mhc-tauGFP (Soler et al., 2004) , UAS-mef2 isoform III (Gunthorpe et al., 1999) , UAS-Nintra (Go et al., 1998) , UAS-Him, UAS-HimRNAi and Him-GFP (Liotta et al., 2007) . 1151-Gal4 and 1151-Gal4; Mhc-tauGFP were used as controls. In expression timing experiments, larvae and pupae were maintained at 25°C until dissection. In overexpression experiments, larvae were maintained at 29°C from the beginning of the second larval instar until dissection. Pupae were collected at 0h APF. All pupal ages are given as hours APF equivalent to the time of development at 25°C.
4.2.
Immuno-histochemistry and confocal microscopy Staged larvae and pupae were dissected in PBS and fixed in 4% paraformaldehyde in PBS for 20 min at room temperature (for larvae and pupae up to 8 h APF) or for 1 h at 4°C (for pupae after 8 h APF). They were then stained with the following primary antibodies: anti-Twist (1/5000, gift from S. Roth); anti-GFP (1/2000, Sigma); anti-b3-tubulin (1/1500, gift from R.Renkawitz-Pohl) anti-Ewg (1/200, gift from K. White) and anti-Mef2 (1/1000, gift from B.Paterson). The secondary antibodies used were anti-mouse Alexa 488 (1/300) and anti-rabbit Alexa 543 (1/300) (Molecular Probes). Immuno-staining was visualised on an upright TCS SP2 Leica confocal microscope and images analysed with Leica confocal software 2.61.
4.3.
Pupal dissection and microtome section Pharate adults were collected at 96 h APF, pulled out of the pupal case and then fixed in 4% paraformaldehyde in PBS overnight. They were then cut sagitally and mounted in 80% glycerol to view the DLMs. Pupae at 26 h APF were collected and embedded in Paraplast essentially as described by and 10 lm sections prepared. After drying, sections were stained with hematoxylin and eosin using standard procedures. Stained sections were mounted in DPX and viewed with a Zeiss Axioskop2 microscope and images captured using Axiovision software.
4.4.
In situ hybridisation
Digoxygenin-labelled anti-sense RNA probes were prepared from Him, mef2 and twist cloned cDNAs and the in situ hybridisations undertaken essentially as described previously (Tautz and Pfeifle, 1989; Taylor, 2000) .
